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III - PERFENAHCE W I T H  TAIL-PIPE BURNING 

By Willlam A. Fleming and Rfchard L. Golladay 

Thrust augmentation of' a turbojet engine by burning fuel  in 
the tai l  pipe  has been inveatigated in  the NACA Cleveland a l t i tude  
wind tunnel. The engfne performance w a s  de%ermined at   several  
simulated  flight  conditions throughout a range of ta i l -p ipe   fue l  
flows. A t a i l -p ips  combustion chamber having the same external 
dimemione aa the etmdard turbojet-engine tat1 pipe wae  inves- 
t igated to determine whether 8atisfactory operation could be 
obtalnea at high-speed and high-altitude fliat conditione. 
Comparisons are made of the performance data obtained w i t h  two 
df f f  erent flame holders  Installed in thie  tai l  pipe, xfth a t a i l  
pipe 34 inchee in dtanreter,  and with values calculated assumfng 
no pressure ~ O S S  acroae the ta l l  pipe'. 

At, a simulated  altitude of 20,000 f e e t  and a f l i g h t  Mach 
ntzmber of 0.8, the net thrust of the  engine was fncreased 76  per- 
cent with the  standard-afee  tail-pipe cambuatfon chamber and. 
turning-vane flame holder. A t  30, OOO f ee t   a l t i t ude  and a f li&t 
Mach number af 0.9, the net thrmt vae increased 59 percent with 
the  8tandaz-d-size t a i l -p ipe  cabus t ion  chamber and 8 conical-grid 
flame holder, dereas  at the same simulated fltght conditions  the 
net thmst waa increased 103 percent w i t h  a 34-inch diamet'er 
tail-pipe  combuetia chamber. A portion of theee  increase6 fn 
thrust were due to the f &c t that the  turbine -outlet temperature 
at rated engine speed with the stand& tail pipe and tail-pipe 
nozzle was below the limiting value whereas w i t h  ta l l -pipe burning 
the  turbine-outlet temperature wa8 a t  the limiting value. 

The pressure 108s B C ~ O E B  the stEandard-siee ta i l -pipe cam- 
bustion chamber wae greater  than B C ~ O B B  the large one. The 
combuetion efficiency was lower with the standard-size  tail-pipe 
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combuatim chamber than d t h  the large o m .  EkceerSiveL- high t a i l -  
pipe shell temperatures were observed with each of the flame holders 
imta l l ed   ' i n  the etandasd-size -tail.pipe &iring operation at a tail- 
pipe  fuel-air   ra t io ,suff ic ient ly  high to give l h i t i n g   t u r b i n e -  
outlet  tanperaturn at maximui engine epeed. 

Thrust augmentation is of extreme  importance f o r  increasing 
the  range of application ef turbojet engines. The burning of fuel 
i n  the t a i l  pipe provides a praotical  cycle'for increaeing the 
t h rus t  of' the turbodet engine without increasing %;he temperature 
o r  stresses in t h e  turbine buckete or otherwiee disturbing the 
cycle of engine  operation,  provided that  the t a i l  pipe is equipped 
w i t h  an  adjustable-area nozzle, 

As part  of a general program on thruet augmentation of turbo- 
jet engines conducted a t - t h e  NACA Cleveland laboratory, an invee- 
t igat ion wae made h the a l t i tude  wind tunnel on an axial-flow 
compreeeor-tgpe-turbojet engine t o  determine-f;lie f eas fb i l i t y  of 
ueing 8 tail-pipe  cambwtion chimber tha t  has the 88mo 
dimemione a8 the a t a n m  engine tail pipe.  Ihaluation of tai l-  
p i p e  burning in t h i s  englne with a larger  tai l-pipe combustion 
chamber is discmeed. in  reference 1. Results of in-vestigatione 
on ta t l -pipe burning i n   t h i e  engine at s ta t ic   sea- level  Condi- 
tione are  presented in  reference 2.  An inveetigation of t h m t  
augmentation by meane of injecting water at t h e  i n l e t  of an 
axlal-f low compreseor engine is di8G"Bed in  reference 3. 

The most important  characterietica of m efficient ta i l -  
pipe h'lzaer are: - .I 

1 . Maximum thruet at high over-all eff iciencg . .  

2. Wide range -of stable  burner operation 

3. Minim thruet loss for operation  without  tail-pipe  burning 

4. Minimum increaee in   over-al l  dimsnsione of engine 

6. Light  weight 
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In the obtainment of theee charzcterietice nmerous research prob- 
lems are introduced. The investigation af reference I wa8 directed 
at the first two characteristfcs with l i t t l e  regard f o r  sfze or  
weight of the  instal la t ion,  The proeent investigation had the 
same objectives  with the addftional  conefdsration of minimum 
changes In  the  physical size of t h e  turbojet engine. 

Operational  characteriEtfcs of amen. flame holders were 
obtained over a rang8 af' simulsted f l i @  conditione. A 21iinch- 
diameter  tail-pipe nozzle m a  used fn the  engine with each flame 
holder. Peri"ormance data obtained n i th  the two b88t flame holders 
are presented  for  simulated  alti&udes of 20,000 and 30,000' feet 
and ram-preesure ratios from 1.19 to  1.98. These resul ts  a r e  
cmpared with the experimental results presented in  reference I 
and w l t h  theoretical  calculations, which were made asstmring no 
losses RCTOBS the  t a i l  pipe. the following sections af this 
report, the standard-eize tail-pipe combustion chamber le referred 
t o  aa the  "small tail pipe" and the 34-kch diameter cambustion 
chamber discusaed in reference 1 ie ref erred t o  &B the "large 
t a l l  pipe. *' 

The j e t  thmzst of a turbojet engine is equal t o  the' product 
of the m m 8  rats of gae flow and the Jet velocity. Thrust aug- 
mentation of a turbojet engine by burn+* fuel in the tai l-pipe 
combustion chamber resul te  in  811 incream of the  final jet 
velocity. The value of the final jet velocity is given b;g 

and the Mach number of the Jet i e  . 

For conrenience, all symbla are defined in appendfx A. 
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Equation (1) indicates  that tha jet   velocity,  and therefore the 
Jet   thrust ,  is proportional t o   t he   J e t  Mach ,nllmber and the equare 
root of the s t a t i c  je t  temperature. Maximum :et t a p e r a t ~ x r e  is 
roached when sufficient f u e l  is added in the engine and the tail 
pipe t'o burn completely all the oxygen in the air  passing through 
the  engine. The jet Mach number MJ ie   pr incipal ly  a function of 
the pressure  ratio PJ/p0 ( e q u t i o n  (2)  1, which ramaim essentially 
c o m t m t  a t  fixed engine and fl ight conditione, and is independent 
of t h e  Jet temperature except f o r  determhlng the value of y .  
Maxfmum pressure  ratio i e  obtained when the engine is operated at 
the maximwn allowable engine speed and turbine-outlot teqerature. 

A 8  the amount of fuel burned i n  t h e  t a i l  pipe is varied,  the 
tail-pipe-nozzle area must be changod to m i n t a i n  maxhum allow- 
able engine conditions. An expreesion fo r   J e t   t h rus t  involving 
Je t  area and Je t  Mach  number is 

Became the Je t  thruat   a t   f ixed .engine operating conditions 
is proportional t o  the square root  of the j e t  temperature, the j e t  
area required to maintain maximum allowable turbine-outlet temper- 
ature at maximum engine  speed is proportional  to  the square root 
of the Jet  temperature. 

. . .  

The TG-180 engine has an 11-stage axial-f low campreasor, 
eight cylindrical  combustion chambere, a single-stago  turbine, a 
tail pipe, and an oxPlauet nozzle. The over-al l  length of the . 
staudard engine i8 14 feet and the maximum diameter is 36 inches. 

A atandard TG-180 turbojet engine without cowling was BUB- 
ponded from a wing section  installed in the  20-fwt-diameter  test 
eection aP the al t i tude wind tunnel. Refrigerated air wae eup- 
plied t o   t he  engine through a duct from the tunnel make-up system. 
A labyrinth s e a l  i n   t h i s  duct  located 40 f ee t  upstream of the 
engine inlet  made poesible  the measuremen-b of thrust  wfth the 
tunnel-balance ~ c a l e  system. The air w a s  throt t led from approxi- 
mately sea-love1  proeewe t o  the desired pressure at the en@ne 
i n l e t  while the preeraure i n  the  wind-tunnel test section was main- 
tained at the desired  altitude. The temperature of the engine.- 
i n l e t  air was regulated  to the approximate NACA standard tempera- 
ture correeponding t o  the egmulated flight speed and alt i tude.  
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Prelhinary  cal ibrat ion were made with.the engine 
equipped with a e t m w d - s i z e   t a i l - p i p e  nozzle, which w a ~  
1% inches in  diameter, to ~I-OTI&I E bmie f o r  evaluating changes 
in performance resul t ing 1Prm tail-pipe burning. . . 

3 

Operational  characterintics of eevm flame  holders were 
studied at simulated  a1titcde"s f m  5OOO t o  30,000 feet and ram- 
pressure r a t i o s  frm 1 .OS to I, 98. Performance data are pre- 
sented for the  two mozt eatfefactary flame holders  investigated. 
Ehgine performance &+,a =e present& f o r  ifhe one flame holder 
at a  simulated-alt i tude of 20,oOO f e e t  and ram-presaure.ratios 
of 1.19 and 1.54 and for t h e  other flame holder at a sFmulated 
a l t i t ude  of 30,000 f e e t  =XI rm-prsesq% ra t ios  of 1.67 and 1.98. 

A t  each simulated f li&t. conciiti.on, the  engine was operated 
at a speed of 7600 rpm and data were obtained a t  vqrioue tail- 
pipe  fuel flows. 'Be. minimum f u e l  f l o w  was determined by com- 
bustion blow-out in the tail pipe  and the mgximum f u e l  f low waa 
-determined 6y limiting  turbine-dfachargs  temperature ( 1680° R )  . 
A large tail-pipe  nozzle af 21-inch diameter was ueed,to p r m i t  
high f u e l  flowa f o r  the ta i l -pipe burning without  exceeding the 
maximum turbine-discharge tarperatme. 

A s m e y  rake wae mounted-.& the in le t  duct 1l;r f e e t  upetream 
of the engine i n l e t   t o  me&ure the engine air f low.  Pressures and 
tanperaturge of the gases were measured at aeven stations in the 
engine ( f ig .  1). , A . ta i l -pipe rake wa,a 80 munted at etat ion 7 
that It- could be retracted from the nozzle  outlet. Measurements 
yere made w i t h '  t h i s  -rake 'onlr f o r  condftfone wfth no tail-pfpe 
burning beca-e . . o f  the high gas temperatures obtained when fuel 
W&B buinfng i n  the tat1 ,pipe.  'Phrust waa determined f h - t h e  
balmice scales f o r  a l l  the t e s t  conditionb for which data are  ' 

present.ed: ' The. methds U R ~  $o--&eternimd t.&uet a d .  air flow 
from these me@ure~en6&', &e giro3 i:: Etppiindix _A. . 

1 

. . . .  

, .  
- . .  . - _  

ICeroa-eiie' (Am-F-32) 'was burned i n  the engine and 62-octane 
unieaded gaeoline m e '  burn& in   the   t a i l -p ipe  cmbuertion chamber. 
The fuel f low8 to the :engine -and the tail pipe were m e w u r e d  by 

' calibrated rotameters. 

. 
' I  
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A tai l-pipe cm-bburst3.m chamber having .the 8w.e external d u m -  
s i o m  a~ the standard engine t a i l  pipe waa instal led.  The standarc3 
t a i l  pipe has an inside d i m e t q  of 34 inches at the  front flange, 
2 1  .inches at the rear  flange, and is 5% inchea  long. The inner 
cone of the ta i l  pipe W&EI ehortened to provide epaoe for installa- 
t i o n  of the  emen flame holders  inveetigated. A &etch of the 
engke and the tail-pipe combustion cham3er without a flame holder 
and the  pdeition a t  xhich t h e  flame holdere were inetalled are 
shown i n  figure 1. Fuel waq injected through spray bars 8t mani- 
fo ld  preseures from 5 t o  175 p h  per  aquare  inch. Downstroam 
of the flame holder the tai l  pipe was wrapped with 0.75-inch 
diameter copper  tubing through which water wa8 circulated  to  cool 
the  shell .  A 21-inch diameter tail-pipe  nozzle w m  used, which 
w m  constructed by seam-welding a corrugated outer 8hell  t o  a 
smooth inner.shel1 i n  such a way t h a t  a helical  cooling-water path 
waa formed. 

3 

Flame holdor A. - The f *st flame holder invesbigated (flame 
holder A) was constructed of horizontal and ver t ica l  V-type gut- 
t o r s  with the  vertex of the gutters  directed upstream ( f ig .  2).  
These gutte? had an included angle af 30°, were 1-inch &cross 
the  open end, and were spaced on 2-g-lnch center  l ines.  This flame 
holdor is similar in design t o  th@ one w e d  i n  the 'large tail 
pipe, which is described in  referonce 1. In order t o  amxamodate 
the flame holder, the inner cone of' the t a i l  pipe XBB revised as 
shown by the dmhed eection in  figure 1. The f l m e  holder yaa 
28 hches  in diameter and -#a8 i m t s l l e d  27 inchee downatream of 
t h e  turbine.  Liquid  fuel wae injected normal t o  the  direction of 
gea flow througb amall holes i n   f i v e  ho.-izcr$al aprea- bars 
attached to the vertex of alternate horizontal g u t t e a .  The 
fuel was ignited by means of propane blown over a spark plug. 
Thie flame holder  restricted  the f l o w  in the t a i l  pipe t o  such 
an extent that the tail-pipe temperature waa very near the 
limiting  value at maximum engine a p e d  with no ta i l -pipe burning. 
Operation  with t h i s  flame holder was therefore limited to low 
fue l -a i r   ra t ioe  in order not t o  exceed the limiting turbine- 
outlet  tanpemturo. The flame blew out at maximum e q i n e  8p8ed, 
an a l t i tude  of' 5000 feet, and a ram-pressure r a t i o  of approxi- 
mately 1.05. Combustion blow-cut waa apparently caused by the 
high velocity of the gas through tha flame holder. 

1 

. 
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' Flame holder B. - Becauee improved combustion uas believed 
poaeible with larger gutters, a variatfon af flame holder A (flame 
holder B) waa investigated, whlch ale0 had horizontal  and ver t ica l  
V-type gutters.  The gutter6 on flame holder B maintained the 
included angle of 30° but were 2 inches  acrose the open end and 
were.  spaced on 5-inch center  l ines  (f ig.  31, The location of thf8 
flame ,holder ,   in   the ta i l  pfpe and the  method of fuel inJection 
were the same as f o r  flame holder Aq Cambwtion was 80 improved 
that tail-pipe  burning could be maintained at full engine ep.eed. 
The flame holder, however, still  blocked t h e   t a i l  pipe t o  such an 
extent that exceasively high turbine-outlet  temperaturea were 
obtained .with low taf l -pipe  fuel-air  r a t i o s  at naximm engine 
speed, an a l t i tude  of 5000 feet, EL& a ram-preseure r a t io  of 
approximately 1.05. 

' Flame holder C. - Flame holder C waa then  designed havfng 
three  circumferential turning v a n e i t h a t  diffused the  gas by 
turning it toward the cepter of the tail pipe and into a conical 
gr id  of V-type gutters ( f ig .  4). Tpre principle   of ' th is  dersign 
was t o  lower the gas velocity by turqing the aFr in to  a conical 
section of greater area than the  cro8a section of *he t a i l  pipe.  
In order t o  accommodate th ie  flame holder, the inner cone of the 
t a i l  pipe w a s  removed and a spherical dome (fig.  5) was attached 
t o  the inner cone at a point 16 inches dowmtrea&of the turbine. 
The location of the dme in  the tai l  pipe is ehown ih'f-figure 4. . 
Fuel was injected norpal t o  the direotion of gas flow through 
eight equally apaced radial spray bars installed apyroxfmately 
3 Inches ddunstream of the turbine. A pi lo t  used only f o r  
igni t ing  the f u e l  was instal led at the center of the dome as 
shown in   f igure  5. The fgnition  pilot  consieted of a cr l inder  
f i t t e d  with a perforated  conical  lfner, a fuel spray nozzle, and 
two spark pluge. Canpressed alr f o r  burning w m  supplied *o  the  
p i l o t  from an. external e o k c e  during the tfme the f u e l  in t h e  . 
t a i l  pipe x88 being ignited. 

.. . . .  

Cmbuetfm waa more atable wfth flame holder C than w i t h  
any of the others inveetfgated. After short perlode of tail- 

' pipe burning, however, sectlone of flame holder C were burned 
away. Some burning evidently occurred before the gae passed 
through the flame holder. Burning was maintained at ta i l -pipe 
fue l -a l r   ra t ioa  between 0.022 and 0.027 at maximum engine speed, 
a simulated altitude of 30,000 fee t ,  and a ram-peeaure r a t fo  
of 1.98 m e  mBxf;num fue l - a i r   r a t io  presented f o r  a l l  the f +e 
holders waa limtted by the maximum allarable  turbine-outlet  
temperature. The flame holders could have been investigated 
at higher fuel-air ratia if a larger tail-pipe nozzle had been 
used. Performance data obtained w i t h  flame holder C m e  presented. 
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Flame holder D. - In order t o  detemnine whether the turning 
vanes  alone would hold  the f lam, t h e  conlca3. *id wae r&vod. and 
the  ~l€ir~e fueLinJection flystem w a ~  used. With a flame holder of 
only.  turning vanes (flame holder D),  combuetion W&EI unstable a t  
high altitude6 and high engine speeds.  me flame blew out M e -  
dfatelg after the   fuel  w a s  ignited at an al t i tude of 20,000 f e e t  
and an engine .apoed of about 4000 rpu. Combwtion in the  t a i l  
pipe wa8 stable at an al t i tude Of 5000 f e e t  ap4 a t  maximum engine. 
speed: 

Flame ' holder E. - The turning vanes were then modj f led  by 
welding a section around the  inslde of the vane8 near  the   t ra i l ing  
edge t o  form a V-type gutter (flame holder E ) .  (See f ig .  6 . )  The 
gutter  had an included  angle of 15' and w a ~ l  3/4 inch acrom  'the 
open end. 'Phe combustion charaa%.eristfcs were s l igh t ly   be t te r  
with  flame  holder E than with the  turning vane5 alone (flame 
holder D). The flame blew out 88 soon a6 the   fue l  w m  ignited at 
an al t i tude of 30,000 feet. A t  an a l t i tude  of 20,000 feet and a 
ram-preesure r a t i o  of approximately 1.10, the  flame blew out at 
an engine speed. s l igh t ly  above 6500 rpm with a ta i l -pipe  fuel-air  
r a t i o  of 0.029. Cmbuetion w a s  e tab le   a t  an a l t i tude  of' 5000 f e e t  
and maximum engine  speed. 

Flame holder F. - A further mdif ica t ion  of the turning vanes 
wae  made  'by welding a section a b u l l a r  t o  tho one  welded on flame 
holder E on ' the  outside of the vanes near the t r a i l i n g  eQe t o  
increaee  the 8iZe af the  gutter, flame holder F ( f ig .  7 ) .  The 
gutter  then had an included angle of 30° and waa 1; inches  acrose 
the open ad. With the guide vanes modified i n  th i e  manner, b y m -  
ing w&8 maintained in the tai l .  pipe at altitudcw up t o  30,000 f e e t  
and at maximum BngFne speed. No investigation Waa made  at a higher 
al t i tude.  A maximum t a i l -g ipe   fue l -a i r   ra t io  aP 0.027 w 8 ~  obtained 
at 9 olmulated al t i tude of' 30,000 f e e t  and a r6m-preseure ratio 
of 2.00, Available equipment limited f u r t h r  opere3:ion with flame 
holdor F t o  an al t i tude of 20,000 f ee t .  A t  20,000 feet  and maxi- 
mum engine speed, tail-pipe fuel-air   ra t ios  f r o m  0.024 t o  0.035 
were obtained a t  a ram-preesure r a t i o  of 1.19 and fue l -a i r  ra t ion 
from 0.020 t o  0.029 were obtafned at a ram-pressure r a t i o  of 1.54. 
Combustion wae nearly &8 atable with . this  flame holder as with 
the flame holder having turning vane8 and the conical grid. of 
V-type gutters.  Inspection of flame holder F after  operation 
revealed  that  the  gutters at the t r a i l i n g  edge of the turning 
vanels had been exceesfvely hot, but no portion of the flame 
holder had been burned away. Perf'oH;lrsnce data obtained  with 
flame holder F are  presented. 
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Plane holder G. - The 
perforated  conical  seation 
apex downatreaih (fie. 8). 

laet flame holder  investiga;ted wm a 
inetal led in the t a i l  pipe  with the 
The diameter of flme holder G at the - 

upstreani end w88 2% inohes, at the downstream end @ inchee, and 
the length wae 19 fnchee. Flame holder G waa ins ta l led  1% inches 
downatream of the  turbine and a gap.  of 2 inches was left between 

the cone and the wall of the t a i l  pipe. Holes approximately 
1 inch i n  dlameter were punched i n  the  flame holder aa cloee 
together 88 practicable and still maintain  sufficient etmctural 
strength.  Separate  investigations were made with the eight r ad ia l  
fuel spray bars located at different  posit ions.   In one case the 
spray bara were located 3 inches and the  other case l& lnches 

dowtream-of  the  turbine. The peGorated cone held  the flame 
for only a short time a f t e r  mimum engine speed W B ~  reached a t  
a simulated- a l t i tude  of 5000 feet. Combustion in the tail pipe 
at 8;~1 a l t i tude  of 20,000 feet was not poesible at engine epee& 
above 5000 rp. Change8 i n  the location of the  epray barf3 had 
no noticeable  effect OR combustion. 

1 

8 

2 

the wall of t h e t a i l  pipe. &ing operatfqn at ta i l -pipe fuel-air 
ratios suff ic ient lx  hi& to give limiting  turbine-outlet tempera- 
ture at maximum engine speed, the ehel l  of the ta i l  pipe w88 
excessivelg hot even thou& it wa8 wrapped WFth  cooling  coils. 

Fuel could not be ignited in   the tail pipe at engine epeeda 
, -  

above 4500 rpm w i t h  my of the flame holders -investigated and 
in some cases it wa6 neceesary to reduce the  engine speed t o  
3500 rpn before the fuel would ignite. . A n  engine speed limit 
for ignit ion af 4500 rpm ala0 encountered in  the  investiga- 
tions  reported  in  reference 1 with the large ta i l -pfpe com- 
bustion chamber. 

Because no high-voltage  ineukation was available  that  could 
withstand.  temperatwee up t o  1200 F, the *ea running through 
the  inner cone t o  the spark plugs in the igni t ion  pi lot  usually 
ahorted  out a f t e r  the engine had  been operating for a short  
period of time. In  order t o  ign i te  the ta i l -pipe fuel a f t e r  
the wfree were shorted out, it aae neceesary t o  accelerate  the 
engine  rapidly,  therebg  obtaining a burst of flame through the 
turbine and Into the t a i l  pipe. 
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Data obtained ai an a l t i t ude  of 20,000 feet  and ram -proeeure 
rat ioa of 1.19 and 1.54 with f l~me holder F, comlst ing of the  
three turning vanes and the %-inch gutters wel6ed t o  the trailing 1 

edge ('fig. 7), are preserited i n  figure 9. Data obtained at 
30,000: f e e t  and raq-pesmre katioa of 1.67 and 1.98 with flame 
holder C, consisting of the conical grid of Y-tme guttera (ffg. 41, 
are e h m  in f fgura 10. 

Figures 9 and, 10 preeent (a) Jet thrust (b) net t h m t  , 
( 0 )  engine fuel comumption, (6) specific fuel  conemption based on 
net thrust, (e)  a b  flaw, ( f )  t o t a l   fue l - a i r   r a t io ,  and (g) tai l-  
pipe t o t a l -p re s~ure   r a t io  as Sunctiow of t a i l -p ipe  f u e l  consump- 
t ion .  A llmit line is drawn on the figures t o  inhicate the 
conditione at which maxlrum allowable  turbine-outlet  temperature 
(1680' R )  waa obtalned. The total fue l -a i r   ra t ios  (figB. 9(f) and 
lO(f } ) were qomidorably below t he  etoichimetr!.c limit of 0.067. 
Operation of the mal l  ta i l -pipe combustion chqn3er with flame 
holders C and F would therefore be desirable with a ta l l -pipe 
nozz1.e 1arger.than  the one med became more thrust  could then be 
obtained  from the engine at limiting turbine-outlet  temperature 
provided the pressure losses i n  the ta i l  pipe were not  too great. 

A t  rated engine epeed with the standard tail .  p i p e  and nozzle, 
the engine  operated a t  approximately limiting.tai1-pipe tempera- 
turee at law-altitude and low-airspeed  conditione. At 30,000 feet 
altitude- asd at the hi& ram-pressure ratiga at which the  inves- 
tlgatione were conducted, the t a i l -p ipe  tenfgeretture w88 lower than 
the maxim- allowable temperature. A variable-area nozzle should ' 

be w e d  t o  maintain  limiting  tanperatwe. Because preeent instal-- 
l a t i o m  of' turbojet enginea do not me a variable-&ea nozz.le, t h e  
reP1,:lts of the  tai l-pipe burning inveetigation have  been ,compared: . ' 

with the engine using a standard nozzle wlth a fixed diameter of 
1 6 ~  inches. 3 

- The significant  results of this fhvestigation were obtained 
at conditions where the turbine-outlet  temperature  reached the 
l h i t i n g  value of 1680' R, as indicated by the dashed l ines .  i n  . . 
figure8 9 and 10. The succeedin$  discuseion i a   c d i n e d   t o , t h e  
reeultB  obtained at these  conditione. 

Compariaone  between the data obtained w i t h  flerme holders C 
and F in the -11 cambustion chamber and the data Freerented In 
reference 1 with the large cambution chamber are sham 5r1 
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figuree 11 t o  16. . V a r i a t i o n s  i n  correctitled J e t  thrmst uith tail- 

chamber git al t i tudes of 20,000 and 30,000 feet and with a 21-inch- 
diameter  taZl-pipe  nozhle on the engine are shown in   f igure  11 
f or.maximum engine epeed and for al l  of the  data shown i n  
figures 9 and 10. Data are ale0 preeented f o r  the  large tail- 
pipe combustion chamber at an a l t i tude  of 30,000 f e e t  with a 

a2l-inch-dimeter  tail-pipe nozzle, These data are corrected t o  
sea-level  conditione in order to facilitate camparieon between 
t h e  resul ts  obtained at 20,000 and 30,000 feet. A c m e  showing 

. the  corrected  je t  thrust obtainable  with no total-pressure loss 
iin the tail pipe is afiso Sreeented in  figure 11. 'Phis curve was 
calculated by meam of equations (2) and (3). Throughout the 
range of tai l-pipe  total-pressure ratios investigated, the cor- 
rected Jet thrust with the  mll ta i l -pipe canbution ohamber 
and flame holder C waa &pproximately 30 percent lees than  the 
thrust  calculated for no pressure l o s s  acrosa the ta i l  pipe 
and 14 percent lesa than the thruat  obtained  with the large tail- 
pipe cambustion chamber. (reference 1). Wfth the small t a i l - p i p e  
combustion chamber-and flame h o l b r  F, the corrected Jet thrust 
waa approxfnately 26 percent lower than the  thmat   calculated 
f o r  no pressure loss acme8 the t a i l  pipe and 5 percent lower than 
the thrust  with the large t a i l  pipe. 

' pipe  total-pressure  ratio  for  the amali tai l -pipe cambu&,ion 

The differences in thrust shown in figure ll &re at t r ibuted 
t o  f r i c t i o n  and ta combustion pressure losees i n  the tai l  pipe. 
The f r i c t i o n  loss 'ELCTOBB f l h e  holder F mounted t o  about 9 per- 
cent .of -the turbine-outlet total pressure, whereas the f r i c t i o n  
loas with  the large tai l-pipe combustion chamber w m  about 7 per- 
cent of the turbine-outlet  total  preseure. The f r i c t i o n  pressure 
loss  waa not measur& acrode flame holder C. As indicated in 
figure 11, however, the  greatest  pressure loea occurred wTth the 
small ta i l -pipe ccanbuation  chamber and flame holdem C and F. 

The re la t ion  among t a i l -p ipe   tok l - tanpera twe  ra t io ,  tail- 
pipe-nozzle-outlet t o t a l  temperature, and t a i l -p ipe  fuel-%* 
r a t i o  at limiting  turbine-outlet  'temperature is shown fn figure 12 
f o r   t h e  large and the small ta i l -pipe cambuetion chambem. The 
dashed line ahowe the theoretical   total-temperature  ratio cal- 
culated assuming 100-percent ccnnbustion efficiency, ,a heating 
value of the f u e l  equal t o  19,OOO Btu per pound, and no disso- 
ciation. The calculated total-temperature ratio increased verr 
nearly linearly with the   fue l -a i r   ra t io ,  and. the  departure f r o m  
a line= variation is caused bg the variation in the  specif ic  
heat of the gas with gas temperature, The values of total tan- 
peratwe were calculated  with  equation (BS) of appendix B ueing 
experimental values .uf ' Je t  thrmst and gas flow. Tail-pipe- . 

nozzle-outlet temperatujres up t o  2 8 6 9  R were obtained with 
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f l a k  holder C and' temperatures up t o  2620' R were obtained  with 
flame holder F . These temperatures are somewhat lower than the tem- 
perature of 3360O.R obtained w i t h  the  large  tal l-pipe combustion 
chamber.. . A  1argeP nozzle on the emall tal pipe would permit 
higher  total  fue>:air ra t ios  and thua correspondingly higher tail- 
pfpe temperatures. 

Tail-pipe combwtfon ef'ficiency was cnmputed by equation (67) 
i n  appendix A using  the  calculated  values of tail-pipe  temperature 
shown in f i gze  12'. Tail-pipe  cabustion  efficiency is presented 
i n  figure 13 as' a function of ta i l -p ipe   to ta l  pressure. The pres- 
a w e  is the moat Important  variable  affecting  colnbwtion  efficiency 
i n  thils  case inasmuch ae the Mach number and the temperature at 
the flame-Eolder i n l e t  were approximately  the same f o r  each of the 
conditions  presented  in figure 13 and the   t a i l -p ipe   fue l -a i r   ra t io  
did not differ   great ly  m c g  these  conditiqrts. With each t a l l  
pipe, the combuetion efficiency  incremed as the  tai l-pipe total 
pressure became higher, that is, with  increaeee i n   f l i g h t  Mach 
number. The combuetion efficiency waa lower with the mal1 tai l  
pipe  than  with  the  large one  throughout the range investigated. ' 
For example, at a t a i l -p ipe   to ta l  pressure of 2400 pounds per 
square foot  abSOlUtf3,  the combuation efficiency WBB 65.5.percent 
for flame holder F, 67 percent for flame holder C, and 79-5  per- 
cent for the  lwge tafl-pipe  cmbuation chamber. 

Meaaured value8 of net  thruet  obtained at an al t i tude af 
20,000 feet for the engine with a standard engine t a i l  pipe with 
a l6"inck-diameter  nozzle and for the  emall  tail-pipe combuetion 
chember u i th  flame holder F a r e  shown in   f igure 14 (a). The net 
thrust obtained at a presaure  altitude of 30,000 feet for the 
engine with a standard t a i l  pipe and lg-inch-diameter  tail-pipe 

nozzle, for the small tail-pipe  cambution chamber with flame 
holder C, and f o r  the large tai l-pipe combuetion chamber.are 
shown in  figure 14(b). The =lues given for  tai l-pipe  bwning 
were obtained  with a 21-inch-diameter tail-pipe nozzle an8 a 
lfmitfng  temperature of 1680' R at the  turbine  *outlet, whereas 
with the standard ta i l  pipe  the  turbine-outlet  temperature was 
1530' R. A portion of the  increase in thruet shown in figure 14 
is due to thie  difference i n  turbine-outlet  temperatures. The 
values of thruet given for the engine  with the  standard ta i l  pipe 
a t  an al t i tude of' 20,000 fee t   ( f ig .  14(a)) were generalized to 
t h i s   a i t i t ude  from performance data obtained at 30,000 f e e t  

3 
4 

4 :: . 

These values of thrust were wed i n  figure 15 ta,obtain the 
percentage  increase  in  net thrwt attributable to. the  three ta l l -  
pipe conf'fguratiom , ' A t  an: -altitude of, 20,000 feet  md an 
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equivalent  f l ight Mach number of 0.8, the net thruet  waa increased 
76  perceilt  with  the small ta i l -pipe combustion chamber -and flame 
holder I? aa compared t o  1.00. percent at an a l t i t ude  of 30,000 f e e t  
wlth  the l a p  ta t l -pipe combuetion chamber. A t  an  alt i tude of 
30,000'. f e e t  ind an Bquivalent Xach number of 0.9, the  net  thrust 
was increEtsed 59 percent  Wth  ths small ta i l -pipe cambustion 
chamber and .flame halder C as. compared t o  103 'percent  with  the 
large tail-pipe oombuation chamber. The dffferences in  thrust 
between the smll and the  large.tai1-pipe combustion  chmibem is 
attrl%ut.ed' to  higher  internal losses and lower ta i l -pipe tempera- 
tu re   ra t io8  Tor the small t a i l  pipe. Higher inttitrnal losses were 
incurred with flaine holder G than with flame holder F in  the amall 
t a i l . p i p e ,  which accounts f o r  the lower thrust8  obtained. There- 
fora,  .at each flight condition, the total fue l - a i r   r a t io  at which 
limiting  turb'ine-outlet  temperatures were obtained  decreaeed 88 
the  losses acros8 the tai l  pipes became greater, as ehown i n  
figure 16. The tatal-temperature  ratio acm8e the  ta l l  pipe 
remains essentially  conetmt  with changes in flight Mach  number 
( f ig .  12)  and the combustion eff ioiency  increases with flight 
Mach nmber . ( f ig .  13); therefore,,the  decrease in  t o t a l  fuel-air 
r a t i o  88 t he   f l i gh t  Mach number is raieed fs mainly the result 
of changes i n  combuetion efficiency. 

Specific  fuel  commptions bmed on net thrust that  corre- 
epond t o  the thrust resul ts  of f ieures 14( a) and 14(b) are shown 
in figures 17(a) and l?(b}, respectivel$. A t  a flight Mach"num- 
ber of 0.8 and an a l t i tude  of 20,000 ' feet ,   the  specific fuel 
consumption with the small t a i l  .pipe and flame holder F waa 
7 9  percent  higher  than with the standard engine and t a i l  pipe 
( f ig ,  17(a)). A t  a f l i g h t  Mach rimer of 0.9 and an a l t i t ude  
of 30,000 feet ,   the   specif ic  fuel  consumption increased 77 per- 
cent f o r  the small . tai1  pipe with f lauie holder C as compared t o  
80 percent f o r  the large t a i l  pfpe ( f ig .  l ? ( b ) ) .  The efficiency 
of a tail-pipe  burning cycle i e  lower than that of a tw?bojet- 
engine  cycle. Therefore, at any fixed engine condition  the 
efficiency of the combined cycles  decreases 88 t he  amount of 
tail-pips  burning is increased.  Higher preasure losses in the 
small t a i l  pipe so lowered the  efficiency  that  the  specific fuel 
consumption waa about the sane f o r  the large and the amall tail- 
pipe combustion chambers. 

SUMMARY OF RESULTS 

'Phe following  results were obtained f r o m  an investigation 
of a t a i l - p i p e   c d u e t i o n  chamber havfng the same external 
dimemions as the etandwd t a i l  plpe at alt i tudea of 20, OOO and 
30,000 f e e t  and ram-pressure ratios from 1.19 t o  1.98: 
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'1. A t '  &11 al t i tude of 20,000 f e e t  and an equivalent f l i g h t  Mach 
number'of 0.8, the 'net   thrust  wa8 increased 76 percent  with  the 
small ta i l -pipe combuetion chamber and flame holder F comieting OS 
turning vanes .with a V-type gutter at t he   t r a i l i ng  edges. The 
correeponding specific fuel comumption  based on net ' t h m t  x88 . 
increased '79 percent. .. A t  an a l t i tude  of 30,000 f e e t  and a f l i g h t  
Mach number. of 0.9, the  net thrwt was  increased 59 percent  with 
the emall tai l-pipe -cambustion chamber and flame holder C con- 
s i s t i n g  of turning vanes and tb conical  grid of V-type gutters, 
whereas the  net  thruet'waa  increased 103 percent  with  the large 
ta i l -pipe combMtion chamber. The correeponding  incremes i n  
speciffc fuel consumption based on net thruet were 77 and 80 per- 
oent.  A portion of thia  increaee in thrust was  due t o  the fact 
th&t the turbins-outlet  temperature at rated engine speed with 
the  .sttindard t a i l  pipe and tai l-pipe nozzle wae  below the limiting 
value. " . . . . . . . . . - 

2. As a resu l t  of higher pressure losses i n  the small t a i l -  
pipe combwtim chamber, the  corrected Jet thruet  xfth the small 
ta i l -pipe combuation chamber and flame holder C w a a  approximately 
30 percent less than the thrust calculated aseming no pressure 
loa8 &cr088 the tail p i p e  and 14 percent lees than the thrust 
obtained  with  the large tai l-pipe combustion chamber.  With flame 
holder-F,  the corrscted Jet thrust was approximately 26 percent 
lower than the  theoretical  t h m t  and 5 percen€ lower than the  
thrust obtained  with  the l u g e  ta i l  pipe. 

3, The cambustion efficiency w m  lower with  the emall tail- 
pipe  combwtion chamber than with the large one. A t  a tail-pipe 
t o t a l  pressure of 2400 pounds per q u a r e  foot  -absolute, the cam- 
bustion  efficiency was 79.5 percent f o r  the large t a l l  pipe, 
67 percent f o r  flame holder C In the small t a i l  pipe, asd 
65.5 percent f o r  flame holder F i n  the small tail.  pipe. 

4 .  The most stable combuetion waa obtained in the small 
tail pipe with flame holder C .  After short period8 of ta i l -pipe 
burning, however, sectfons of this flame  holder 'were burned away. 

5. Bcceesively high tai l-pipe shell temperatures were- 
observed with each of the seven flame holders  imtalled fn the 



mall tail pipe &ring operation at a4a i l -p ige  fuel-air  ratio 
sufficiently high to give l l m i t i n g  turbine-outlet temperature 
at maximum engfns speed. 

Fli&t Propuleion ReEearch Laboratory, 
National Advisory Comlttee for Aeronautics, 

Clevalarid; 'Ohio. 
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APPENDIX A 

The following syml~ols are  used fn the  calculations : 

A cro8s-sectional area, sq f t  

a a p e d  O f  BOUnd, f t / 8 0 C  

B thrust scale reading, lb 

CD external drag coefficient of instal la t ion (determined from 
power-off teete) 

C P specfffc heat of gas at constant preseure, Btu/(lb)(%’) 

j e t   t h m t ,  Ib FJ 
Frt net  thrust, lb 

@; acceleration of gravityI  ft/sec 

E enthalpy, Btu/lb 

h C  lower heating value of fuel,  Btu/lb 

J mechanical equivalent of heat, f t-lb/Btu 

2 

S wing-section mea, sq f t  

T t o t a l  temperature, OR 
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Wf ,t ta i l -pipe fuel conswt iun ,  Ib/hr ' . .  , 

wt3 e a a u s t  gae flow, Ib/aec ' 

Wf/Fn speclf ic  fuel cqmuplption based on t o t a l   f u e l  comumption 
and net t-t, ~b/(hr)(lb t'nmst) 

f /a fue l - a i r   r a t io  bmed on t o t a l  fuel flow t o  e@e and 
n t a i l  pipe 

8 r a t i o  of free-stream s t a t i c  pressure t o   s t a t i c  pressure 
at NACA standard atmospheric  c-onditions, p0/2116 

qb ta i l -pipe coIgbwtfon efficiency,  percent 

. Y  ratiio of epeciffc heats of gases 

P dermitg of gas, sluge/cu f t  

T total-temperature  ratio acmes t a i l  ptpe, T ~ / T ~  

Subscripts : 

f fue l  

3 s t a t ion   a t  which s t a t i c  preseure of jet reaches free- 
stream abient  pressure 

r inlet duct at aurvey rake, etat ion r 

t tai l  pipe 

X i n l e t  duct at slip joint, s t a t ion  x 
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0 tunnel  teat-eection  free-air  stream 

I cowl inlet 

6 dif f LEI er i n l e t  

7 tail-pipe-nozzle  outlet 

Temperature 

A cold calibration of a ample thermocouple t o  a Mach number 
of about 0.8 showed that the thermocouple measured the   s ta t io  
temperature plus approximately 85 percent of the adiabatic tan- 
perature  r iee owing to the impact of the air  on the themocouple. 
S t a t i c  temperature waa determined from indicated-'  temperature when 
thia factor waa applied t o  the adiabatic  relation between tempera- 
ture and preeeure i n  the following manner: 

The t o t a l  temperature waa determined from 

A i r  Flow 

The air flow through the engine w a ~  determined fram pressure 
and temperature rnemuremente obtained xi th a ver t i ca l  aurvey rake 
i m t a l l e d  Fn the i n l e t  duct 112 feet ahead of the engine Inlet. 
Air flow wae calculated by 
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The s t a t i c  temperature i n  equation.(A3) was ob5ained by use of 
equation (Al) . 

Je t  thrust w88 determined. from the balance-sceie mecieurements 
by combinkg the forces on the i n e t a l h t i o n  i n  t h e  fol.lowlng 
equation: 

The second term in the right-hand a i d e  o f -  equation (A&) represents 
the  external drag of the i m t a l l a t i o n  and W e  third and fourth 
terme colnbined represent the force on the   imta l l a t ion  at the 
f r ic t ion less  elip joint in the Inlet-air   duct,  

Equivalent  Airepeed 

Inasmuch 88 a l l  calcnlationa are baaed on 100-percent ram 
recovery, the equivalent aimpeed corresponding to the ran- 
pressure ra t io  at the engine inlet  can be expreesed by 

Because the adiabatic t a p e r a t m e   r i s e  due to the cowl-inlet 
velocity w m  low, the equfvafent  free-stream t o t a l  temperature 
wa8 a s s m d  equsl t o  the cowl-inlet  indicated  temperature. T?m 
use of this assmptlon  introduced an error fn afrspeed of less 
than I percent. 
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N e t  Thrust 

” 

When equation8 (A3),  (A4], and (A5) are combined, the equiva- 
l en t  free-stream mamenturn of the inlet air may be subtracted f mm 
the je t   th rus t  and the following  eqwtion f o r  net thrust is 
obtahed : 

Combuetion EPf iciency 

The tall-pipe combustion efficiency vm obtained by dividing 
the heat added in t he  t a i l  pipe by the heat  content of the fuel 
Elupplfed. 

The numerator of the right-hhd aide of thie equation I s  com- 
posed of the t o t a l  heat in the gae leaving the t a i l  pipe, the 
to t a l   hea t  in the gaa entering the t a i l  pipe, and the initial 
heat in the liquid fuel added in the tail pipe. 

Integrated  values of cp that took  into account the  effect  
of temperature and fuel-air  ra t io  were wed.  Diseociatim of the 
gaees at high temperatvre8 .was disregarded. Tho heating value of 
t h e   f u e l  med W ~ E Y  19,000 Btu per $OM. 
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E S T W I N G  GAS 

AND GAS FLOW 

velocity w88 euperaonic. In all the  cases re@&, t h e  j e t  
It is therefore aaeumsd that sonic velocity exist8 at t he  outlet 
of the tail-pipe nozzle, e t a t l o n  7. The j e t  thrust Fj I s  given 
by 

The velocitg V7 equals the sonic velocity a7; consequently, 

But 9 = 1.0; therefore 

- wg a7 
p7 - YT A7 g 

Equation (BI) can then be reduced t o  

Solving f o r  5, 
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9" 

The s t a t i c  temperature at 

and t h e  re lat ion of t o t a l  
M = 1.0, fa  

statim 7 is related 

2 
&7 

t7 = 

t o  s t a t i c  temperature at  s ta t ion  7,  where 

When equations (B2), (M), and (B4) a r e  combined, the following 
expression for the total  temperature T7 is obtained: 

- 7 3  Y (F + Po A7I2 
2R w,2(77 + 1) 

T7 - 
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F i g u r e  I .  - I n s t a l l a t i o n  o f  s t a n d a r d   t u r b o j e t   e n g i n e  w i t h  small  t a i l - p i p s   c o m b u s t i o n  
Chamber showing r e l a t l o n  o f  c o a p o n a n t   p a r t s  and m a a a u r i n g  stations i n   e n g i n e .  
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F i g u r e  2 .  - F l a m e   h o l d e r  A composed o f  3 0 ° - a n g l e ,   V - t y p e  

g u t t e r s   s p a c e d   o n   2 - - i n c h  c e n t e r  l i n e s ;  g u t t e r s  I inch 
a c r o s s  o p e n  e n d .  

I 
2 

F i g u r e  3.  - F l a m e  h o l d e r  B composed o f  3 o 0 - a n g I e ,   V - t y p e  
g u t t e r s  s p a c e d  o n  % i n c h   c e n t e r   l i n e s ;   g u t t e r s  2 i n c h e s  
a c r o s s  open  end .  
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F i g u r e  5, - lnrtalirtlon o f  s p h o r l c a l  dome 8nd t q n l t i o n  
p f l o t  i n  ametl t r i l - p i p e  c o r n b u s t l o n  ch8mbor.  
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r Plane Of 

I 0 

tu’rb I ne d i scharge 

Figs. 6 , 7  

F i g u r e  6 .  - I n s t a l l a t i o n  o f  t y p e  E t u r n i n g - v a n e   f l a m e   h o l d e r  
w i t h  1 5 O = a n g t e ,   V - t y p e   g u t t e r s  at t r a i l i n g  edge i n  small  
t a i I - p i . p e  c o m b u s t i o n  chamber; g u t t e r s  - i n c h  a c r o s s  Open 
e n d .  

3 
4 

COMMITTEE FOsl A E R W U T  I C S  
HAT IQllAL mv ISWY 

Plane o f  t u r b f n e  discharge 

Ju m t ng vanes 

V-type g u t t e r s  

n i t i o n  p i  l o t  . 
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F i g u r e  8. - P e r f o r a t e d  confcal flame h o l d e r  G; diameter a t  

u p s t r e a m  end, 2 6 1  f nches;  d i a m e t e r  at d o w n s t r e a m  end, 
4- inches; length, 19 inches. I 
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Y 

Tall-pipe fuel consrtmptlon, W f , t ,  lb/hr 
(b) Net thrust. 
Figure 9.- Contlnued. Variation of turbojet engine perforrmancc 

with tail-plpe fuel  consmn tion for two mm-pressure ra t lob .  
Flame holder F; altitude, !? 0,000 feet; 21-inahdlameter tail- 
pipe nozsle. 

. 
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Tail-pipe fuel consumption, Wflt, l b / h  
(a) -ne fuel consumption. 
piguce 9.- Continued. Variatlon of turbojet engine perlommnoc 

with  tail-pipe  fuel oonsrrmption for tm ram-presaure ratfos.  
Flame holder F; altitude, 20,000 feet;  21-inahdiameter ta l l -  
pipe nozzle. 
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pigure 9.- Contfnued. Variation Of turbojet englnc pertormanbo 
wlth tall-plpe fuel consumption for two ram-pressura ratios. 
mame holder F; a l t i t u d e ,  20,000 feet; 2L-lnch-diameter tall- 
pipe notzlc. . 
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3400 "- Turbine-outle t tern- 

3200 3600 41000 4400 
Tail-pipe fuel  aonwmptlon, Wflt, M= 

(b) Wet thrust. 
Figure 10,- Varfatlon of turbojc t engine perfmanee with tall- 

pipe f'uel consmption for two ram-presaure ratios .  Flame 
holder C; al t i tude ,  30,000 feet1 2l-inahdiameter tail-pips 
noz xle . c 
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* NAT I ONAL ADV I W R Y  
COHMITTEE FOR AERONAUTICS 
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Tail-plpe fue l  consunption, Wrltr lb/hr 

(e ) mgLm fuel  consuaption. 
Figure 10.- Continued. Variation of turbojet englne performnoe 

with tail-pipe fuel eonsumption for two ram-pressure rattoe. 
Flame holder C )  altitude, 30,000 feet; 21-inah-diame ter tail- 
pipe nozzle. 
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IOd,e N A C A  RM No. E 7 F I O  

pressure 

"- Turbine-outlet tgm- 
perature, 1880 R 
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( d l  Spee l i ia  fuel oonsumptfon ba8ed on net thrust. 
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Tall-plpet fuel consumption, W f , t ,  lb/hr 
(e)  Air flow. 
Figure 10.- Contlnued. Variatfon of turbojet e n g h  performance 

with t a l l - p l p e  fuel consumption for two raut-preesure r a t l o s .  
Flame holder C; altitude, 30,000 f ee t i  21-ineh-dfamstcr t a i l -  
pipe norsle. 
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* (f) Total f'uel-air ratio. 
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Tall-pipe fuel oonsumptfon, Wf,t, lb/hr 
(g) Tail-pipe total prc8-e ratio. 
F%gure 10.- Conoluded. Vaz-lation of twbojet englne periomanue 

with tail-pipe fuel consumption for two mu-pressure ratios. 
Flame holder C; altitude, 30,000 feet; 21-inuhdiamter tail- 
pipe nocsle. 
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Figure 11,- Relation between trtl-pipe tOt.l-pm8#rtr. rat io  8 d  
oorrected jet  thrust of turbojet engirm with large tai l -plpe 
mntbustion dhamber (referenas 1) and m8ll t a i l  ptpe w i t h  
flame holders C and F. w i n e  speed, 7666 rp; 8l-inoh- 
diameter tail-pipe nostle. 
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Figure 12.- Relation among tail-pipe total-temperature  ratio, 
tai l -pipe-nozzle-outlet   total  temperature, and tai l -pipe 
fuel-air  ratio of turbojet engine with large t a i l  pipe 
conibustlon chamber (reference 1) and small t a i l  pipe w i t h  
flame holders C and F. Engine speed, 7600 rpm;  Zl-inch- 
diameter tai l -pipe nozzle; turbine-outlet temperature, 
1680° R. 
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oombustion &amber 
Urge (referenee 1) 
Small with flame holder C 

temperature, 1530 R 
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(b) Large tail-plpe combustion chamber (rererenoe 1) and small 
t a i l  pipe with flame holder C. Pressure altitude, 30,000 feet .  

Figure 14.- Concluded. Relation between equivalent f l i ght  Maoh 
number and net thrust of turbojet engine w l t h  standard tail 
pipe and with tail-pipe burning fa  modiffed t a l l  pipes. Engkw 
speed, 7600 r p m )  2l-inah-dlameter tail-pipe nortle with tail- 
pipe burn1 # turbine-autlet temperature with taibpipe -, 
10eOo R $  l ~ l n a h d l a m e t e r  nozzle on standard t a l l  pipe. 3 
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Rm-psessure ratio, PI/p0 
Figure IS.- Relation between increase in net thru8t &a equfvalcnf 

f l ight  Paeh number of turbojet engins with Urge tail-plpe 
aombuatlon ohamber (referenee 11 an& small t a i l  ipe w i t h  
flame holders C and F. E n g i n e  speed, 7600 rpm; E 1-Inch- 
diameter. tail-plpe nozzle; turbine-outlet temperature w i t h  
tail-pipe burning, 1680' R. 
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Ratrepressure rat io ,  P1/po 
F i v e  16,- Relatfon between total fuel-air rstio and equivalent 

flight Mach number of turbojet engine with large tall-plpe 
ombustion uhamber (referenae 1) and small t a i l  pipe w i t h  
f l a m e  holders C and F, Engine speed, 7600 rpmi 21-inoh- 
diameter tail-pipe nozzle; turbine-outlet temperature, l68e R. 
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(a) Small t a i l  pipe w i t h  flame holder F. Pressure altitude, 
20.060 feet.  

Figure 17.- Relation  bttwek  speolfio fuel eonsumptien bps& op 
net thrust and equlra1tnt f l i g h t  Maoh nunbar of turbojet 
engine r l t h  standard t a l l  pipe and with  tall-plpe burn- in 
modified tail pipes. Engine apeeb, 7600 rpm; 21-inehdiametca 
tail-plpe nozzle with tell-pipe burning3 turbins-outlet tew 
peratare with tail-plpe burning, le@ R. 
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1.0 1.06 1.1 1.8 1.4 1.6 1.8 2.0 2.e 2.4 
Ram-pres sure rat  io, P1/po 

(b) Large tail-plpe eoambustion chamber (referenae 1) and small 
t a l l   p i p  with flame holder C. Pressure altitude, 30,066 feet .  

Figure 1'7.- Conaluded, Relation between specif2c itre1 uonoumption 
based on net  thrust and equivalent f l i ght  Maah number of turbo- 
Jet engbe wlth standard tail pipe and with tail-pipe burn- 
i n  modifled t o i l  pipes. w i n e  speed, 7600 r p q  21-lnah- 
diamater tall-plpe nosole r l t h  tPflqipe burning# turbine- 
outlet temperature w i t h  ta3l-pipe burning, X680 R, 




